In barley (Hordeum vulgare L.), Agrobacterium-mediated transformation efficiency is highly 12 dependent on genotype with very few cultivars being amenable to transformation. Golden Promise is 13 the cultivar most widely used for barley transformation and developing embryos are the most 14
INTRODUCTION 28
Agrobacterium-mediated transformation of immature barley embryos was first reported in 1997 29 using the cultivar Golden Promise (Tingay et al., 1997) and most barley transformation since then 30 has used this cultivar. This is because no other cultivar has been found to give a similar or higher 31 transformation efficiency (Bartlett et al., 2008; Harwood et al., 2009; Harwood, 2012) . Wheat, like 32 barley, is also transformable using Agrobacterium but despite successful attempts to increase 33 transformation efficiency (Hayta et al., 2019) , the process is still cultivar dependant: cv Fielder being 34 one of the most responsive cultivars. Efficiencies as high as 86.7% can be obtained with barley cv 35
Golden Promise when acetosyringone, which triggers the transformation activity of Agrobacterium, 36 is added to the co-cultivation media (Hensel et al., 2008) . However, Golden Promise has certain 37 drawbacks: it is an old cultivar first developed in 1956 by mutagenesis of the cultivar Maythorpe 38 (Forster, 2001) , it has a low yield compared with modern elite barley cultivars and it is prone to 39 disease, particularly mildew (Douchkov et al., 2014) . 40
The gene(s) underlying transformability in Golden Promise are not known, but recent studies 41 indicated that three genomic regions are required. One region, TFA1 is located on chromosome 3H 42 and two others, TFA2 and TFA3, are both on chromosome 2H Hisano et al., 43 2017) . This suggests that the transformability trait in Golden Promise a multi-genic in nature which 44 means that it would be technically challenging to transfer the trait to another barley cultivar. With the 45 increasing public acceptance of genetically modified crops on the horizon, we anticipate a need to 46 transform elite barley cultivars directly rather than transferring transgenes from Golden Promise to 47 elite lines by crossing. Also, for academic as well as commercial purposes, it would be advantageous 48
to be able to compare transgene constructs in different genetic backgrounds. Thus, there is a need for 49 other, preferably elite, lines of barley that can be transformed with high efficiency. 50
Testing immature barley embryos from several elite cultivars has shown that they do not form callus 51
in tissue culture as readily as Golden Promise (for examples see Zalewski et al., 2012; Murray et al., 52 2004; Hensel et al., 2008; Cho et al., 1998) . This suggests that the ability of the cultured embryos of 53
Golden Promise to form callus is unusual and this may contribute to its unique transformability. The 54 plant phytohormone auxin is known to promote cell division in un-differentiated cells (Hiei et al., 55 2014) and to be synthesised by plant cells upon infection by Agrobacterium (Gohlke et al., 2014) . 56 The developing embryos of Golden Promise have higher levels of auxin (and also lower levels of 57 salicylic and abscisic acid) than embryos of non-transformable cultivars . This 58
suggests that unusual phytohormone levels may be required for high transformation efficiency. 59
Whilst working on mutants of barley affected at the LYS3 locus, we noticed that their developing 60 embryos had an unusual cellular organization reminiscent of callus tissue (Cook et al., 2018 Here, we investigate the transformation efficiency of the lys3 mutant lines compared with that of 69 their wild-type parents, and Golden Promise. We found that one mutant, M1460, but not three other 70 lys3 mutants, is amenable to transformation. To discover the genetic basis of this transformability 71 trait, we generated a population of plants segregating for transformability by crossing M1460 and the 72 elite, non-transformable cultivar Optic. We used this population to identify a locus, TRA1 responsible 73 for transformability in barley. 74
MATERIALS AND METHODS 75

Barley Germplasm 76
The All media contained hygromycin at 50 mg/l unless otherwise stated. 109 110
Immature embryos (normal size) were harvested when the embryos were 1.5-2.0 mm in diameter, as 111 described in Hinchliffe and Harwood (2019) . At this stage, the grains were plump but the endosperm 112 was still liquid. For the large-embryo mutant barley lines, embryos were harvested at a visibly similar 113 developmental stage, even if their diameter was larger than 1.5-2.0 mm. 114 115
Following inoculation of immature embryos with Agrobacterium, embryos were placed scutellum 116 side up on callus induction medium but with no hygromycin. After three days co-cultivation, the 117 embryos were transferred to plates containing callus induction medium with hygromycin. After six 118 weeks selection on callus induction medium (with two transfers to fresh callus induction plates), the 119 embryo-derived callus was transferred to transition medium. After two weeks, transformed calli 120 started to produce green areas and small shoots and the regenerating calli were transferred to 121 regeneration medium. When shoots were 2-3 cm in length and roots had formed, the small plantlets 122 were removed from the plates and transferred to glass culture tubes containing callus induction 123 medium but without growth regulators. Once rooted plants reached the top of the tubes they were 124 transferred to soil. Leaf samples were collected once the plants were established in soil and analysed 125
to confirm the presence of the introduced genes. Transformation efficiency was calculated as the 126 number of independent transformed lines obtained as a percentage of the number of embryos 127 cultured. 128 129
DNA was extracted from leaf samples using the method of Fulton et al. (1995) and the concentration 130 was adjusted to 10 ng/µl. The PCR reaction (in a final volume of 20 μl) contained: 1 μl of genomic 131 DNA template, 0.5 μl of 10 mM forward primer, 0.5 μl of 10 mM reverse primer, 0.6 μl of 10 mM 132 dNTPs, 2 μl of 10 x PCR buffer, 0. To generate a population of plants segregating for transformation efficiency (and for mutation at the 154 lys3 locus that confers a large-embryo phenotype), we crossed the lys3 mutant M1460 to the elite 155 non-transformable malting barley cultivar, Optic. An F1 plant resulting from this primary cross was 156 crossed again to Optic and the backcross 1 (BC1) F1 plants were allowed to self-pollinate to give BC1 157 F2 grains. The F2 grains were screened visually and those with large embryos (indicating that they 158
were homozygous lys3 mutants) were planted and allowed to self-pollinate. The large-embryo 159 phenotype was checked again in the BC1F3 and subsequent generations (progeny testing). 160
Developing embryos from some of these BC1-derived plants were used for transformation trials. 161
One of the BC1F3 plants was backcrossed to Optic. BC2 lines were generated from this cross 162 as for BC1 lines above except that the large-embryo phenotype of the BC2-derived grains was not 163
confirmed Fig. 1 ), particularly those of M1460 (325% of fresh weight of the wild type cultivar 201
Minerva; Fig. S1 ). For comparison, we measured the size of the mature embryos of Golden Promise 202
and Maythorpe and both genotypes have normal-sized embryos, similar to Minerva (Fig. S1 ). 203
However, we also observed cell proliferation around the edge of the scutellum in the immature 204 embryos of M1460. This is normally only observed in embryos following culture on media 205
containing high levels of auxin ( Fig. 1 ). This led us to test whether lys3 influences the performance 206 of the embryos in tissue culture. 207
To investigate the responses of immature lys3 embryos in tissue culture (in the absence of 208
Agrobacterium co-cultivation or selection on hygromycin), developing embryos were grown on 209 culture induction medium and then transferred to regeneration medium to induce shoots. All 210 genotypes tested developed some callus and produced shoots. No consistent genotype-dependent 211 differences were detected and there was no correlation between embryo size and callus size, 212
suggesting that the large-embryo trait per se does not affect callus induction. lines. To select homozygous lys3 mutant lines from the F2 grains in the BC1 generation, we grew 237 only grains that were shrunken (a characteristic phenotype of the lys3 mutant grains). 238
Immature embryos from plants from each BC generation were tested for transformability with 239
Agrobacterium and a 35S:GUS vector. After co-cultivation with Agrobacterium, the embryos were 240 grown on callus induction medium containing hygromycin. At this stage, we noticed that the 241 embryos of some genotypes grew better and produced more callus than others (Fig. 3A) . Embryos of 242 the LYS3 wild-type parents, Bomi and Minerva, and from the BC3 and BC4 lines did not grow as 243 much as those of Golden Promise, M1460, BC1 and BC2. These differences between genotypes were 244 also apparent when the sizes of the calli were measured (Fig. 3B) . Thus, the growth of calli during 245 transformation experiments varied with genotype. This result is different from that obtained for 246 regeneration experiments: embryos of all genotypes grew and produced callus to a similar extent 247 when they were grown on callus induction medium without exposure to Agrobacterium and with no 248 hygromycin selection (Fig. 1C and Fig. S1B ). 249
After transfer to transition medium and then to regeneration medium, plantlets and then rooted plants 250
were regenerated from M1460, BC1 and BC2 calli. Transgenes were detected in all regenerated plants 251
using PCR and primers specific to hygromycin and GUS (Fig. S2 ). The transformation efficiencies 252
for these lines (the number of independent transformed lines obtained as a percentage of the number 253 of embryos cultured) were comparable with those normally obtained in our lab with Golden Promise 254 (Fig. 3C) To identify the region(s) of the M1460 genome responsible for inherited transformability, we 259 genotyped the parents of the backcrossed population, M1460 and Optic, using the Barley 50k iSelect 260 SNP array (Supplementary File S1). A total of 44,040 markers were evaluated of which 9,456 261 markers were polymorphic between Optic and M1460. The following markers were eliminated from 262 further analysis: 31,925 markers that were monomorphic, 2,535 that gave values for one parent only, 263 45 that were not mapped to any chromosome, and 79 that were heterozygous in Optic or M1460. The 264 distribution of markers was not balanced across all seven barley chromosomes: chromosome 5H was 265 over-represented (Fig. S3 ). 266 267
We also genotyped the non-transformable BC3-4 embryo-donor plants and all the transgenic plants 268 that were recovered from the transformation testing of BC1-2 ( Fig. 3C, Fig. 4 ). Comparison of these 269 genotypes showed that, as expected for plants backcrossed to Optic, all chromosomes contained one 270 or two discrete segments of the M1460 genome in an otherwise Optic genome background. However, 271
only two introgressed regions were conserved in all of the transgenic plants. The first region is on 272 chromosome 5H and includes the LYS3 locus. Conservation of this region is expected since the 273 shrunken grain phenotype typical of lys3 mutants was used to select the BC lines. At least some of 274 the selected lines are heterozygous at the LYS3 locus suggesting that selection for homozygous lys3 275 genes based on shrunken-endosperm phenotype was not perfect. That some of the BC3 and BC4 276 generations possess the lys3 gene but are not transformable suggests that transformability is not due 277 to the lys3 gene (or to any other gene in the 5H-conserved region). 278 279
The second conserved region is on chromosome 2H and it is conserved in the 48 transgenic BC1 and 280 BC2 plants but not in the four non-transformable BC3 and BC4 embryo-donor plants ( Fig. 4 and Fig  281  5A ). These data suggest that within this region on chromosome 2H, there is a transformability gene 282 (or genes) inherited from M1460. Although the region is conserved, some or all genes in the 283 transformed plants are heterozygous suggesting that the transformability gene may be dominant. We 284 named this locus TRA1 (Transformability factor 1). In the reference cv. Morex, the TRA1 region is 285 11.2 Mbp and contains 225 high-confidence genes (RefSeqv2, IBSC) ( Fig. 5B) . 286 9 287 TRA1 Candidate Genes 288
To identify candidate TRA1 gene(s), first we looked for barley orthologs of genes already known to 289
influence Agrobacterium-mediated transformation. The ectopic over-expression of genes involved in 290 cell growth and differentiation has been used to improve transformability in dicotyledonous species 291 (reviewed in Gordon-Kamm et al., 2019) and in monocots (Lowe et al., 2018) . In cereals, the over-292 expression of either of the genes WUSCHEL or BABY BOOM stimulates Agrobacterium-mediated 293 transformation in maize, rice (Oryza sativa L.), sorghum (Sorghum bicolor L.) and sugarcane 294 (Saccharum officinarum L.) (Lowe et al., 2018) . However, the barley orthologs of these two genes 295
are not located in the TRA1 region, or in the QTL regions associated with transformability in Golden 296
Promise (Hisano et al., 2017) . The WUSCHEL ortholog is on chromosome 3H 297 (HORVU3Hr1G085050; chr3H:610834730-610834996) and the BABY BOOM orthologue is on 298 chromosome 2H (HORVU2Hr1G087310; chr2H:627137907-627140548). 299 300
In Arabidopsis, progress has been made in identifying the molecular mechanisms governing 301
Agrobacterium-mediated transformation. Although the methods used to transform Arabidopsis (floral 302 dipping and root culture) differ from that used to transform barley (embryo culture), we looked to see 303
if any of the Arabidopsis transformation genes were TRA1 candidates. Some of these Arabidopsis 304 genes affect somatic embryogenesis but we have not considered these since TRA1 appears to affect 305
Agrobacterium interactions. We therefore considered as TRA1 candidates 49 Arabidopsis genes 306 involved in Agrobacterium perception, DNA transfer/integration or tumour development. (Table S1 ). 307
Mutants affected in these genes, or transgenic plants overexpressing these genes, are resistant or less 308 sensitive, or show increased susceptibility to Agrobacterium. However, none of the 49 genes has a 309 predicted orthologue(s) in the TRA1 region of barley (Table 1) . 310 311
To identify candidate genes in the TRA1 region, we sunsequently studied their functional annotations. 312
Analysis of Gene Ontologies (GOs) showed that 141 of the 225 genes have GO annotations and that 313 these are involved in a wide range of biological processes (Fig. 5C ). These genes included ones 314 involved in response to stress or signal transduction (GO:0009719, GO:0009628, GO:0009607, 315 GO:0006950, GO:0009605, GO:0007165), cell communication (GO:0007154), growth GO:0048856) 316 or development (GO:0009856, GO:0007275). No transcript data is currently available for 317
Agrobacterium-inoculated embryos in barley but an analysis of the response of wheat callus to 318
Agrobacterium showed that 24 genes were differentially expressed at the RNA and protein levels 319 (Zhou et al., 2013) . Of these 24 wheat genes, 17 have 1-to-1 orthologs in barley but none are in TRA1 320 region (data not shown). 321 322
The Barley Cultivar Minerva is not the Parent of M1460. 323
As M1460 was reported to have been produced by chemical mutagenesis of the cultivar Minerva 324 (Aastrup, 1983) Minerva accessions, M1460 and Optic (as a spring barley control) showed that M1460 and Optic are 331 clearly genetically distinct from the 'Minervas' (Fig. S4A ). Principal Coordinate Analysis (PCA) 332
showed that all 11 Minerva accessions form a cluster, suggesting that they are genuinely closely 333 related, whereas M1460 and Optic occupy two separate positions in PCA space (Fig. S4B) . For 334 comparison, we also compared the relatedness of the lys3 mutants Risø18, Risø19 and Risø1508 and 335 their parent Bomi using the same Principal Coordinate Analysis method (data not shown). This 336 showed the mutants and their parent were closely related. Previously, the use of other genetic 337 markers (RAPDs, AFLPs and SSRs) confirmed the isogenic relationship between Maythorpe and 338
Golden Promise (Forster, 2001 The Netherlands in 1969. We also found from this comparison that M1460 was genetically distinct 346 from Golden Promise (20% different). 347
DISCUSSION
349
In this study, we showed that a mutant barley, M1460 has a transformation efficiency comparable 350
with that of the model cultivar for barley transformation, Golden Promise. We identified a locus in 351 M1460, TRA1, that is responsible for Agrobacterium-mediated genetic transformation. TRA1 from 352 M1460 was transferred by backcrossing to the cultivar Optic, which is recalcitrant to transformation. 353
Only lines including TRA1 from M1460 were amenable to transformation. The minimum TRA1 354 region identified to date is 11.2 Mbp and contains 225 genes. We are now selecting more 355 homozygous recombinant lines to dissect the TRA1 region further (Fig. 5A) . 356 357
Previous studies have suggested a more complicated three-locus source of transformability in Golden 358
Promise Hisano et al., 2017) . Two of the three TFA loci previously 359 identified in Golden Promise are located on chromosome 2H and one of these, TFA3, could possibly 360 overlap with TRA1 ( Supplementary Fig. S5 ). However, TFA1 is thought to be the most important of 361 the three loci in Golden Promise and transformability is thought to be conferred by TFA3 only in the 362 presence of both TFA1 and TFA2 . The discovery in M1460 of a single locus, 363 capable of conferring transformability increases the potential for the creation of new transformable 364
lines. Further backcrossing of TRA1 into Optic is underway in our lab to create a readily 365 transformable elite malting barley line suitable for gene functional studies. Since Minerva is not the 366 parent of M1460, we are also attempting to identify the correct pedigree. 367 368
When we embarked on this study, our hypothesis was that transformability in M1460 might be due to 369 the lys3 gene since this mutation is known to affect embryo development (Cook et al., 2017, Orman-370 Ligeza et al., 2019). Consequently, we selected the M1460 x Optic backcrossed lines at each 371 generation for the presence of lys3 (using shrunken endosperm as a phenotypic marker for lys3). 372
However, we subsequently discovered that the lys3 locus was not responsible for transformability. Further improvement of this protocol has enabled the transformation of more than 20 barley cultivars 387 but, prior to the work reported here, the transformation efficiency of Golden Promise remained 388
higher than that of any other cultivar tested in similar conditions (Marthe et al., 2015) . 389 390
The high transformability of Golden Promise may be due in part to its ability to form callus, shoots 391
and roots in tissue culture. However, other cultivars are equally amenable to tissue culture and this 392 alone is not sufficient to ensure transformability. For example, cv. Morex shows high frequency of 393 plant regeneration from immature embryos but is recalcitrant to transformation (Chang et al., 2003; 394 Hensel et al., 2008; our unpublished results). The genotypes used in our experiments were also able 395 to regenerate in tissue culture whether or not they were transformable (cf. Fig. 1C and Fig. 3A ). It has 396 been reported that the transformability of Golden Promise may be linked to a higher than normal 397 tolerance to hygromycin selection. Holme et al. (2008) found that 23% of the regenerated plants from 398 Golden Promise were escapes (i.e. they grew in the presence of hygromycin but were not transformed 399 with HPT). In comparison, all regenerants of the four other cultivars tested by Holme et al. (2008)  400 were transgenic and non-chimeric suggesting that they have a lower tolerance to hygromycin than 401
Golden Promise. In contrast, in our transformation system, no escapes were found for M1460 or 402
Golden Promise. We therefore suggest that the efficacy of TRA1 from M1460 may be due to its 403 ability to interact with Agrobacterium and successfully transfer T-DNA. Other barley cultivars that 404 are recalcitrant to transformation may more effectively block Agrobacterium infection. 405 406 Our work suggests that one (or more) of the 225 genes in the TRA1 region is responsible for M1460 407 transformability. Whilst fine mapping is underway to dissect the TRA1 region further, we attempted 408 to identify candidate genes by studying their annotations and patterns of expression. The positions of 409 orthologs of genes known to affect transformation efficiency in other species was determined but 410 none are located in the TRA1 region. Examination of the known functions of the genes in the TRA1 411 region (analysis of Gene Ontologies) revealed potential candidate genes involved in a range of 412 processes including plant-pathogen response. This is interesting because the process of 413
Agrobacterium-mediated transformation essentially mimics the successful infection of a host plant by 414 a pathogen. The mechanisms involved include attachment and recognition between Agrobacterium 415 and host plant, production of T-DNA in the bacterium and its transfer to the host cells, integration of 416
the T-DNA into the host genome and finally, its expression. Consistent with this, pathogen-response 417 and/or stress-related genes have been shown in several species to be involved in determining 418 transformability. For example, an Arabidopsis mutant with constitutive expression of plant defence-419 related genes had reduced susceptibility to Agrobacterium infection (Veena et al., 2003) . Also, 420
transfer-competent, but not transfer-incompetent, Agrobacterium strains suppress plant defence genes 421 during infection in Arabidopsis (Veena et al. 2003 ). In wheat, there have been attempts to identify 422 the genes responsible for transformability by comparing gene expression in embryos cultured in the 423 presence or absence of Agrobacterium (Zhou et al., 2013) . A set of twenty-four genes were found to 424 be differentially expressed at both the RNA and protein levels and most of these genes had roles in 425 stress or immunity-response. Further work is underway to identify the TRA1 gene in barley. Once 426 identified, its efficacy in a range of barley cultivars (and other species) that are currently recalcitrant 427 to transformation will be tested. 428 Supplementary Table S1 . Optic genotype, red = M1460 genotype and yellow = heterozygous genotype. The positions of the 636 LYS3 gene and the TRA1 region are indicated. SNP genotype data are provided in Supplementary  637  Table 1 . 638
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Figure 5. The genomic region containing TRA1 on chromosome 2H. 639
A. Genotype and phenotype data for selected lines from the mapping population (Fig. 4) HORVU2Hr1G, whilst the marker names are preceded by JHI-Hv50k-2016-1. The boundaries of the 646 introgressions in plants BC1-04 and BC2-30 define the smallest contribution from M1460 and 647 therefore delimit the TRA1 region. 648
B.
A diagram of the TRA1 region is shown. The two genes indicated correspond to the flanking 649 markers identified by mapping ( Fig. 4 and Fig. 5A ). Genes (shown as vertical lines) are ordered and 650 positioned according to the barley physical map (Refseqv2, IBSC). 651 C. The gene categories (GOs) of genes in the TRA1 region were reduced and visualized using 652 enrichment analysis. Bubble size indicates the frequency of the GO term and highly similar GO terms 653 are linked by edges in the graph (http://revigo.irb.hr/revigo.jsp). 654 
